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ABSTRACT

Chapter-I
Introduction

Chapter-I describes the introduction of nuclear magnetic resonance (NMR) spectroscopy including the experimental details of NMR, details of the folded structural elements such as -helices, 310 -helices, -helices, parallel and anti-parallel -sheets, 
-turns, -turns and -turns. The details of the NMR structural parameters, which can be used in the structure elucidation of peptides such as scalar couplings, nOe's, H-bonding parameters, rotamers about the side chains. In addition the molecular dynamics simulation study have also been discussed.  

Chapter-II
Conformational Study of 310 Helical model peptides induced by CH/ H-Bonding.
Understanding of protein folding is an attractive area of intensive research activity. Typical protein folding differs by 10-20 kcal/mol from unfolded state. This insignificant difference contributes from weak non covalent interactions such as conventional H-bonding, hydrophobic, salt bridge, aromatic-aromatic interaction etc. Amongst the possible H-bonding CH/ H-bonding is very weak that contributes only 0.8-1.5 kcal/mol per each and every H-bond. However, it has been noticed recently that such weak H-bonding play dominant role in enhancing the folding. The intensive investigations by Waters et al prove the influence of such CH/ H-bonding in anti parallel -sheet (-hairpins) where they placed between the strands. In addition a systematic data base study has been proved that Pro-Phe or Phe-Pro dipeptide template contributes significant stability by forming CH/ H-bonding between the side chains of Phe and Pro. Thus we planed for model peptides that fold into a stable 310 -helical structures with a significant contribution from CH/ hydrogen bonding.
In our design we choose a tripeptide template with molecular formula Xaa-Pro-Phe residues. Several mutational studies resulted in a stable 310 helical conformations in peptides containing ,-unsaturation at N-terminal to Xaa-Pro-Phe tripeptide template. Peptides II.1-II.10 have been studied in detail (Figure 1). 












Figure 1: Schematic representation of chemical structure of peptides II.1 to II.10.

Peptides II.3-II.6 and II.9 are folded into a stable 310 -helical structures where both CH/pi hydrogen bondings were available. The solution conformational signatures such as intra molecular H-bonding and long range cross correlation nOes unequivocally support for well defined 310 -helical structures in solution. Whereas peptides II.1, II.2, II.7, II.8 and II.10 were folded into an undefined structure. Detailed conformational studies in solution as well as in solid-state support for stable 310 -helical conformations.
Details of the conformational study of peptide II.4 have only been discussed here. Peptide II.4 in CDCl3 solution showed the down field appearance of Phe NH and Leu NH amide protons hint at their involvement in intramolecular H-bonding, which was confirmed by small change in their chemical shift values from a solvent titration study (Figure 2a). Identical conclusions were derived from the studies in DMSO-d6 solution. The variable temperature experiments confirmed the participation of Phe NH and Leu NH intra molecular H-bonding as they showed small magnitudes /T of –2.4 ppb/K and –1.3 ppb/K respectively and linear decay of their chemical shifts during the temperature experiment study. The nOe cross correlations Phe NH / Leu NH, Phe NH / Val CH, Leu NH / Pro CH, Phe NH / Pro C(Pro-S)H are in agreement with the existing H-bonds between Phe NHCrot CO and Leu NHVal NH confirming existence of two successive -turns, which corresponds to incipient 310 -helical conformation (Figure 2).
							         (b)








Figure 2: Solvent titration plots of peptide II.4 in CDCl3 (a) and characteristic nOe's observed in CDCl3 (b).

Constrained molecular dynamics simulation studies on peptide II.4 used 35 inter and intra residue distance constraints were used to perform 600 ps of 100 cycles of simulated annealing protocol. The detailed study strongly support a stable 310 helical conformation with two successive intra molecular H-bonding between Phe NHCrotanyl CO and Allyl NHVal CO. Stereo vies of one of the 20 low energy conformations was presented in Figure 3.








Figure 3: Schematic representation of backbone superimposed 20 low energy conformations of peptide II.4.

Chapter-III
Chapter-III has been further divided into two sections containing (a) Hydroxy Proline Containing -Hairpin Peptidomimetics and (b) Conformational Study of -Hairpin Structures Facilitated by Novel Loop Containing cis Amide bond.

(a) Hydroxy Proline Containing Hairpin Peptidomimetics.
In the present study we have investigated the conformational behavior of 3-Hydroxy proline in designed hairpin conformations. Both cis and trans 3-hydroxy proline have been incorporated in linear peptide chains (Figure 4). The folding propensity of the peptides containing 3-hydroxy proline is likely to be controlled by two aspects such as chirality and substitution at hydroxyl position. We have therefore studied the role of chirality at C2 and protecting groups at C3 positions. 













Figure 4: Schematic representation of chemical structures of peptides III.1-III.4.

Details of the conformational study of peptide III.1 and III.2 have been discussed here. Variable temperature studies in DMSO-d6 solution on peptide III.1 show that Leu NH has very small magnitude of /T is -2.3 ppb / K. This indicates participation of Leu NH in intra molecular H-bonding. The presence of nOe correlations, Gly NH / Leu NH, Leu NH / NH Me, Leu NH / Val NH, Leu NH / Hyp(Bn) CH, Val NH / NH Me, Boc / NH Me and the involvement of Leu NH in hydrogen bond supports for stable hairpin conformation (Figure 5).






 


Figure 5: VT studies in DMSO-d6 and characteristic nOe's observed in peptide III.1 in DMSO-d6. 








Figure 6: Backbone superimposed 20 low energy conformations of peptide III.1.

Peptide III.2 in DMSO-d6 solution showed very different conformational signatures compared to those observed in CDCl3 solution. The variable temperature experiments show that only Leu NH has a small magnitude of /T (–2.7 ppb / K) indicating its participation in H-bonding. The cross correlations Gly NH / Leu NH, Leu NH / Hyp OH, Leu NH / NH Me, Leu NH / Hyp CH, Leu NH / Hyp CH coupled with participation of Leu NH in H-bond, provide amply evidence for a 9-membered pseudo -turn like structure, involving Hyp-Gly-Leu residues (Figure 7).  









Figure 7: Diagnostic nOe's and 20 backbone superimposed low energy conformations of peptide III.2.

We believe that the hydroxyl group with cis relation ship at Hyp C is playing an important role in the conformational switch in going from non-polar to polar solvent. In CDCl3 solution, D-Pro-Gly di peptide nucleates a type I’ -turn by forming 10 membered H-bond between Leu NHVal CO, which stabilize minimal hairpin conformation. But in polar solvent (DMSO-d6), the hairpin conformation unfolds and forces the peptide chain towards the hydroxyl group side, which leads to the formation of a 9-membered H-bond between Leu NH  Hyp OH. The picture is very same in peptide III.3-III.4.   













(b) Conformational Study of -Hairpin Structures Facilitated by Novel Loop Containing cis Amide bond.
We have studied peptides III.5-III.12 by incorporation of Vpro(1) and Vpro(2) amino acids in a designed penta and hexa peptide sequence, which has been schematically represented in Figure 8.











Figure 8: Schematic representation of chemical structures of peptides III.5-III.12.

The details of the conformational study for all the penta and hexa peptides show similar signatures with well defined folded conformation. However here we describe peptide III.12 in detail. Peptide III.12 has been carried out in CDCl3 solution and the proton spectrum was well resolved, which showed the presence of four isomers in a ratio of about 71:21:4:4. The olefin proton signals were used to calculate the ratios of the conformers. For the most populated isomer (Iso-I), the appearance of nOe cross peak for VPro2 CH / Val CH implies the presence of a cis amide bond with the amino acid preceding VPro2. For the second most populated isomer (Iso-II), the presence of nOe peak for Val CH / VPro2 CH is in agreement with a trans amide bond preceding VPro2. The other two sets of resonances were due to other rotamers, probably the s-cis and s-trans isomers of the enamide. The ROESY spectrum of III.12 also showed exchange peaks between the four isomers, which imply equilibrium between them. A strong nOe for Phe NH / VPro2 CH implies that VPro2 exists as the s-trans conformer in the major isomer. The predominant isomer (Iso-I) has cis prolyl amide and s-trans enamide conformations and the second most populated isomer (Iso-II) has trans prolyl amide and s-trans enamide conformations. The differences between the 13C and 13C chemical shifts in the major isomer () 10.64 ppm) and the second most populated isomer () 6.18 ppm) lend additional support in favor of the cis prolyl amide bond in the former and trans in the latter.
The downfield appearances of Phe NH (8.30 ppm) and Ile NH (7.44 ppm) hint at their involvements in intra molecular hydrogen bonds. The ROE peaks for Phe NH / VPro2CH, Val CH / VPro2 CH, VPro2 CCH3 / VPro2 CH, Phe NH / Val CH, and Val CH / VPro2 CH, coupled with the participation of Phe NH in the hydrogen bond, strongly support the presence of a well-defined 12-membered turn structure around Val- VPro2 residues. The unequivocal evidence for the nascent or minimal hairpin conformation in solution comes from the ROE cross-peaks for Ile NH / Phe NH, Leu (1) NH / Leu(6) CH, Boc / OMe and Ile NH / Phe CH (3.04 ppm), in addition to the participation of Ile NH in an intra molecular hydrogen bond (Figure 9). 








Figure 9: Diagnostic nOe correlations and stereo views of 20 backbone superimposed structures of peptide III.12. 






Chapter-IV

Chapter-IV has been further divided into three sections containing (a) Conformational study of linear homo oligomers of furanoid sugar amino acid (b) Conformational study of linear hetero oligomers of furanoid sugar amino acid and (c) Conformational study of cyclic homo oligomers of furanoid sugar amino acid.  

(a) Conformational study of linear homo oligomers of furanoid sugar amino acid.
          Unnatural amino acids that containing sugar amino acid scaffolds were extensively used as peptidic drugs. In addition the restricted conformational properties of SAA lead to fold in defined conformations such as helices and turns. We have performed the conformational study of linear homo oligomers of furanoid sugar amino acid (Figure 10). The detailed solution conformational study revealed that a 10-membered sheet like conformation observed through out the length of the peptide. Hydrogen bonding studies and NOE correlations suggest the existing intramolecular 10-membered H-bonding is between ith CO to i+2 NH. 







Figure 10: Schematic representation of chemical structure of peptides IV.1 to IV.4.

	In peptide IV.1 the down field appearance of Gaa (2) NH at 7.75 ppm hints its involvement in intramolecular H-bonding. In addition it shifted by only 0.31 ppm in solvent titration studies confirming intra molecular H-bonding (Figure 11). The cross correlations Gaa (2) NH / Gaa (1) C2H, Gaa (2) NH / Gaa (1) C5H, Gaa (2) NH / Gaa (1) C6H provide strong evidence for the H-bond between Gaa (2) NH / Boc CO involving 10 membered turn, which is very similar to natural -turn in -peptides.  








Figure 11: Diagnostic nOe correlations and one of the low energy conformation obtained in MD simulation study of peptide IV.1.

The detailed conformational studies of peptide IV.2 (protected linear tetramer) have been carried out in 6 mM solution in CDCl3. The information on intramolecular H-bonding was extracted from 1H NMR spectrum. Three out of four amide resonances appear in down field region with NH of 7.72 (Gaa(2) NH), 8.22 (Gaa(3) NH) and 8.31 (Gaa(4) NH) ppm intimating their involvement in intra molecular H-bonding. Small chemical shift change of 0.54 ppm for Gaa(2) NH, 0.27 ppm for Gaa(3) NH and 0.23 ppm for Gaa(4) NH while 33% v/v of DMSO-d6 added to CDCl3 solution confirming their involvement in H-bonding. The ROESY spectrum clearly showed the cross correlations Gaa (2) NH / Gaa (1) C5H, Gaa (2) NH / Gaa (1) C6H, Gaa (3) NH / Gaa (2) C5H, Gaa (3) NH / Gaa (2) C6H, Gaa (4) NH / Gaa (3) C5H, Gaa (4) NH / Gaa (3) C6H, and weak rOes between Gaa (1) NH / Gaa (2) NH, Gaa (2) NH / Gaa (3) NH, Boc / Gaa (2) C6H, Boc / Gaa (2) C4H, which coupled with the intra molecular H-bondings of Gaa (2) NH, Gaa (3) NH, Gaa (4) NH (Figure 12), unequivocally support the presence of three repetitive 10-membered intra molecular H-bond between Gaa (i) NH / Gaa (i-2) CO (Figure 13). This structure resembles a sheet like structure containing -turns. 






Figure 12: Diagnostic nOe correlations of peptide IV.2 in CDCl3 at 30 on 500 MHz.







Figure 13: Low energy conformation obtained in MD simulation study of peptide IV.1.

Similarly, peptides IV.3-IV.4 have showed the similar structures with repetitive 10-membered H-bonding structures about sugar amino acid residue. 

(b) Conformational study of linear hetero oligomers of furanoid sugar amino acid and
To ascertain the conformational restrictions of the backbone containing sugar amino acid residues, we also investigated peptides with natural dipeptide templates incorporated in place of alternative sugar amino acids result in hetero oligomers of furanoid sugar amino acids (Figure 14). The detailed conformational study by using NMR spectroscopic techniques revealed that the natural dipeptide templates also well accommodating the repetitive -turn like structures in sugar amino acid oligomers. 











Figure 14: Schematic representation of chemical structure of peptides IV.5-IV.7.
	Details of the conformational study of peptide IV.6 have only been discussed here. Peptide IV.6 contains two sugar amino acid residues and two dipeptide (Leu-Val) templates, with the molecular formula of Gaa (1) – Leu (1) - Val (1) – Gaa (2) –Leu (2) – Val (2). The hydrogen bonding studies indicate that five out of six amide protons are involving in intra molecular H-bonding as they appear at down field region in 1H NMR spectrum. In addition, the Gaa (2) NH, Leu (1) NH and Leu (2) NH, Val (1) NH and Val (2) NH showed very small shift in the solvent titration studies in agreement with their participation in H-bonding. The long range cross correlations Gaa (1) NH / Leu (1) NH, Leu (1) NH / Val (1) NH, Val (1) NH / Gaa (2) NH, Gaa (2) NH / Leu (2) NH, Leu (2) NH / Val (2) NH, Leu (1) NH / Gaa (1) C6H, Leu (1) NH / Gaa (1) C5H, Leu (2) NH / Gaa (2) C6H, Leu (2) NH / Gaa (2) C5H, Boc / Gaa (1) C5H, Val (1) NH / Leu (2) CH, Val (1) CH / Leu (2) CH (Figure IV.31) coupled with the intra molecular H-bonding of Leu (1) NH, Gaa (2) NH and Leu (2) NH suggesting the possible H-bonds between Boc CO  Leu (1) NH, Gaa (1) CO  Gaa (2) NH and Val (1) CO  Leu (2) NH resulting in repetitive three 10 membered -turn like structures around Gaa (1), Leu (1) – Val (1) and Gaa (2) residues. The equal intensities of the cross peaks between Val (1) NH / Leu (1) CH compare to Gaa (2) NH / Val (1) CH support for the existing -turn between Leu (1) – Val (1) residues is type-I, which results in the proximity of Val NH towards Gaa (1) C3OH to form a 9-membered intra molecular H-bond between Val (1) NH / Gaa (1) C3OH. In addition at C-terminal end cross peaks between Val (2) NH / Gaa (2) C4H and Val (2) Me / Gaa (2) C4H indicates the possibility of a 9-membered pseudo -turn structure between Val (2) NH / Gaa (2) C3OH. Thus, the resulted structure posses repetitive 10/9/10----- intra molecular H-bonding pattern 
(Figure 15).















Figure 15: H-bonding pattern and diagnostic nOe correlations of peptide IV.6 in CDCl3 at 30 on 500 MHz.

(c) Conformational studies of cyclic homo oligomers of furanoid sugar amino acid.  
The beauty of cyclic homo oligomers is having a defined symmetric conformation that lead to appear only single unit resonances in 1H NMR spectrum. Therefore we have to find out the conformation of the peptide with limited structural information such as coupling constant, spatial correlation and hydrogen bonding. Our interest is to look the conformational study of sugar amino acid derived homo oligomers. We have studied series of cyclic peptides containing different types of sugar amino acids (Figure 16). 







Figure 16: Schematic representation of chemical structures of peptides IV.8-IV.15.

Peptides IV.8-IV.11 were derived from mannose based sugar amino acid (Maa), where as peptides IV.12-IV.15 were derived from Glucose based sugar amino acid (Gaa). The detailed conformational studied of all the cyclic peptides revealed that they posess well molecular symmetry and defined three dimentional structure. Peptides IV.8 and IV.9 are Maa based 18 membered macro cycles containing peptides have been studied in CDCl3 and DMSO-d6 solutions. 1H NMR and 13C NMR spectra showed resonances corresponding to only one sugar amino acid unit (only 7 1H resonances) implying that IV.8 and IV.9 posses three-fold molecular symmetry in solution in NMR time scale. Peptide IV.10 and IV.11 are cyclic peptides containing four units of Maa, are 24 membered macro cycles posses fore fold molecular symmetry in solution in NMR time scale. Peptides IV.12 and IV.13 are cyclic dimer benzyl protected and deprotected respectively and both peptides have been studied in detail. 
In peptide IV.12 the amide proton appeared at low field region (7.49 ppm), suggesting its involvement in intra molecular H-bonding. Further confirmation of the amide proton H-bonding came from the solvent titration study as the amide proton resonance shifted only by 0.48 ppm while 33% v/v of DMSO-d6 was added to CDCl3 solution. The nOe cross correlations NH(i) / C3H(i-1), NH (i) / C2H(i-1) suggest that the observed amide proton H-bond involves NH(i) / C3OH(i-1), with a 6 membered ring (Figure 17).






Figure 17: Diagnostic nOes and stereo views of MD simulation picture of peptide IV.12.

Peptides IV.14 and IV.15 are 24 membered macro cyclic tetramers derived from Gaa. Here also 1H NMR as well as 13C NMR spectra showed the resonances corresponds to only one sugar amino acid unit imply the presence of four fold molecular symmetry in the NMR time scale.






Chapter-V

Conformational study of cis Xaa-Pro peptides derived via ring closing metathesis (RCM)
Amongst the amide bonds existed in proteins, 5% (7413 no) of them are Xaa-Pro amides and 0.28 % of them with cis geometry. Invariably, these cis amides found at or near to active site of protein where it involves in the function. Peptidyl prolyl isomerases (PPI), including immunophilins, catalyze cis / trans isomerisation of Xaa-Pro bonds. It has been suggested that the PPI bind to the protein substrate at the active site in a cis conformation, having a type VI -turn around Xaa-Pro residues. Thus, the importance and limited no of cis amide geometries became challenge to multi dimensional researchers to develop them in a large number. Cyclic peptides serve as versatile templates as peptide drugs because of their strong propensity of receptor binding affinity compare to their linear procurers. Hence, the constrained and restricted conformations of the cyclic peptides with cis amide bond may serve as lead templates for receptor binding. We have investigated series of cyclic peptides with general molecular formula c(Xaa-Pro-Yaa-Aha) derived via ring closing metathesis reaction. Structural studied of peptide V.1-V.10 (Figure 18) have been extensively investigated by 1H and 13C NMR experiments, which revealed that preceding proline amide bond was observed in cis amide geometry for peptides V.1- V.7. In order to delineate the factors influencing the nucleation of exclusive cis amide bond, we have investigated the effect of various Xaa residues (Phe, Leu, Ala, D-Phe, Gly). These extensive investigations show that the side chains of the Xaa, play a key role in nucleation of cis/trans amide bond preceding proline. The natural amino acid side chains induce cis amide bonds, which enables avoidance of steric repulsion with Pro CHs, on the other hand the enantiomeric unnatural amino acid avoid the Pro CH-Xaa side chain repulsions by taking a trans amide bond. Interestingly in the absence of any side chain, the non-chiral residue Gly takes a trans amide bond.















Figure 18: Schematic representation of chemical structures of peptides V.1-V10.

Details of the conformational study of peptide V.1 have only been discussed here. Peptide V.1, a 16 membered macro cyclic peptide, was well resolved in CDCl3 and DMSO-d6. In both the solutions, Phe CH / Pro CH correlation in the NOESY / ROESY spectrum provides unequivocal evidences of cis amide bond preceding proline. It was further supported by the large 13C chemical shift difference ( = 9.24 ppm) between C and C of the pyrrolidine ring. The solvent titration studies showed that the Leu NH shifted only by 0.62 ppm when 33% v/v DMSO-d6 was added to chloroform solution (Figure 19), which implies that significant population of the molecules is present with Leu NH participating in intramolecular H-bonding. In addition, the observation of nOe cross peaks, Phe CH / Pro CH, Leu NH / Phe CH, Leu NH / Pro CH, Leu NH / Aha NH (Figure 19), strongly support the existence of hydrogen bond between Leu NH - Aha CO, which nucleates a type VIa -turn around Phe-Pro residues. The ring current effect of phenyl ring leads to the unprecedented up field shift of the Pro CH (3.45 ppm), Pro CH (1.21 ppm) and Pro C’H (3.39 ppm) which face the aromatic ring. Further confirmation of the above geometry came from the appearance of the nOe cross peaks Phe ortho H / Pro CH, Phe ortho H / Pro CH.










Figure 19: Solvent titration plot and diagnostic nOe correlations of peptide V.1.

Constrained molecular dynamic (MD) simulation study of peptide V.1 used 27 inter and intra residue distance constraints to perform 100 cycles of 600ps (each 6ps) of MD simulated annealing run. Backbone superimposed 20 low energy conformations have been presented in figure 20.













Figure 20: Stereo view of backbone superimposed 20 energy conformations collected during 100 cycles of 600ps MD simulation study of peptide V.1.
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